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Synopsis 
 
The modern maritime industry shows strong demand for steel grades with improved structural 
performance and better resistance to fatigue damage initiation and evolution. Improved 
structural performance permits the use of plates with lower thicknesses thus resulting in 
significant savings in fuel consumption and engine requirements. High Strength Low Alloy 
(HSLA) steel grades exhibit a favourable strength-to-weight ratio when compared with 
conventional maritime steel grades, such as the AH and DH steel grades. HSLA steels, e.g. X65, 
X70, etc., have been extensively used in various offshore oil and gas applications, including 
pipelines. Recent developments in maritime transport policies and regulations have incited a 
constantly growing interest in HSLA steel grades in the shipbuilding industry.  
 
The main objectives of this project have been to assess the applicability of various HSLA steel 
grades in ships as a possible replacement to conventional maritime steel grades such as the 
AH36 and DH36 high strength steels. For this reason, the mechanical properties of three 
different HSLA steel grades (X65, S690 and FCA) of different plate thicknesses were assessed 
using metallography, fractography, hardness, tensile, fatigue and impact testing. Acoustic 
emission (AE) testing was carried out in parallel with tensile and fatigue testing in order to 
ascertain qualitatively and quantitatively the evolution of damage in the samples tested and 
verify the level of severity. In principle, the AE results acquired in the laboratory could be used 
to monitor the actual ship’s structure, thus permitting the continuous assessment of the overall 
structural integrity of a ship. Various methods have been applied for the analysis of the AE data 
acquired in order to correlate them with the mechanical testing results obtained in parallel.  
 
  
Analysis of the main results of this study has shown that the HSLA steels considered herewith 
exhibited better crack initiation resistance than conventional maritime steels. In addition, their 
resistance to crack growth was also found to be better overall. The tensile properties of the 
HSLA steels considered were comparable in terms of elongation to those of AH and DH grades 
with the S690 being the only exception from the HSLA grades tested. In terms of yield strength 
all of them were superior to AH36 and some of them superior to DH36 too. Since all HSLA 
grades tested exhibited higher fracture toughness, they are suitable to replace conventional 
maritime steel grades. However, the shipbuilding standards require that the steel grade used 
also exhibits a good level of ductility achieving at least 20% strain in tension. In the case of the 
S690 grade, this level of ductility has not been achieved. Thus under current shipbuilding 
standards it cannot be used for hull construction although it is suitable for the construction of 
other parts of the ship.  
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1    Introduction 
1.1 Background 
The structural reliability of ships is of outmost importance in ensuring the safety of maritime 
freight and passenger transport operations. In-service fatigue cracking due to cyclic loading, 
impact damage and corrosion can adversely influence the structural integrity of maritime 
vessels. Significant degradation of critical structural components in the long term requires 
emergency repairs to be carried out before the ship concerned can be returned to service.  
 
As shown in the schematics of Figure 1, passenger and merchant vessels often operate under 
severe weather conditions resulting in significant linear (surging, swaying and heaving) and 
angular (rolling, pitching and yawing) motions which can cause certain critical structural 
components of the ship to experience relatively high loading conditions. Hydrodynamic 
impacts or slamming due to the up and down motion of the hull, entry into wave crests and the 
consequent abrupt immersion of the ship into the water can also contribute to the gradual 
structural degradation of certain structural parts of the vessel [1]. 
 
All ships are subject to cyclic stresses during their operational lifetime. Cyclic stresses can 
gradually lead to fatigue crack initiation and subsequently propagation. Usually, fatigue crack 
initiation and propagation is restricted to structural components that sustain the loads arising 
from the various motions that the ship experiences while in service. Fatigue due to cyclic 
stresses can be divided into two main categories, low or high cycle fatigue, depending on the 
stress levels sustained. Corrosion can also contribute to structural damage causing deterioration 
of the structural integrity of the ship [2]. 
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Figure 1: The schematics show the linear and rotational motions exhibited by ships [1].   
 
Steel grades with superior mechanical properties have been of significant interest in 
shipbuilding applications to reduce the overall weight of the ship and minimise fuel 
consumption. Apart from better strength-to-weight ratio, improved resistance to crack initiation 
and crack propagation is desirable.  Up to date, AH, DH and EH, which are three different 
grades for high tensile strength steels in ascending order of toughness and should have a 
minimum yield strength of 315 MPa, 350 MPa, or 390 MPa according to ASTM(American 
Society for Testing and Materials) standard A131M/A131M-08, have been widely applied in 
shipbuilding of every type of vessel. Conventional maritime steel grades offer a satisfactory 
level of structural reliability and are in compliance with the strict international standards applied 
in shipbuilding. However, in order to achieve the safety margin required, thicker plates need to 
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be used in comparison to other steel grades exhibiting better mechanical properties such as High 
Strength Low Alloy Steels (HSLAs).  
 
Higher strength steel grades like the HY (High Yield Strength) steel were introduced in 
shipbuilding in the 1980s. However, the application of these steel grades has been largely 
limited to warship construction primarily due to the increased armour protection they offer 
against incoming ordnance. Accelerated cooling and tempering treatment is used during HY 
steel production to achieve the desirable microstructure and associated mechanical properties. 
HY steel is also used in submarines to enable the hull to sustain the immense stresses caused 
during deep diving while at the same time maintain the hull weight and thickness as limited as 
possible. The main problems associated with the application of HY steel in shipbuilding are the 
complexity of the manufacturing process and its weldability [3].  
 
 The greatest advantage of most HSLA steels is that they have better strength-to-weight ratio in 
comparison with conventional maritime steels [4].They have been extensively used in various 
offshore oil and gas applications, including pipelines (e.g. in Figure 2). However, whether the 
fatigue resistance of HSLAs is better than traditional ship steel grades remains unclear and is 
one of the topics researched within this study [5, 6].  
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Figure 2：A large-diameter pipeline [7]. 
 
Most studies considering HSLA steel for shipbuilding applications have been carried out in 
USA and Japan. HSLA steels are becoming more popular for the construction of warships in 
the US and general maritime vessels in Japan [6]. In the US HSLA-80 and HSLA-100 have 
been mainly used for the construction of warships rather than conventional ships [8].Compared 
with Japan, HSLA steels are relatively  less applied in shipbuilding in Europe and research in 
this field should be increased [9]. In 2001, Sumitomo Metal Industries and Kawasaki 
Shipbuilding Corporation reported the development of the Fatigue Crack Arrester (FCA) steel. 
FCA is a dual HSLA steel exhibiting better fatigue initiation and crack growth resistance. FCA 
was one of the steels considered in this study [10, 11]. 
  
Structural reliability is crucial for the safe operation of all maritime vessels. There has been an 
increasing demand to ascertain the structural integrity of ships using cost-effective structural 
health monitoring systems [12]. Acoustic emission (AE) has been used for continuous 
monitoring of critical structures, such as gas pressure vessels and could be, in principle, applied 
for structural monitoring of critical load bearing parts of the ship. 
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1.2  Project aims and objectives 
 
Disasters and accidents suffered in recent years (e.g. Costa Concordia, Sea Diamond, Prestige, 
Express Samina, Fedra, Braer, etc.) have highlighted some of the key weaknesses of the 
maritime industry leading to the implementation of a stricter regulatory framework [13-16]. 
The introduction of new regulations and standards on ship design, maintenance and inspection 
has increased the safety of maritime operations substantially. Nonetheless, the governments, the 
International Maritime Organisation (IMO), Classification Societies and industrial stake 
holders, continue to seek further improvements in vessel safety, reliability and operational 
efficiency [17].  
 
The effective exploitation of vessels requires reliable and efficient operation. The recent 
changes in shipbuilding regulations have resulted in the use of thicker steel plates and hence 
heavier ships. This has led to higher fuel consumption and thus an increased cost of operation. 
Ship owners operate at a very small margin of profit. Therefore, any increase in operational 
costs is highly undesirable. As a result, the use of alternative steel grades with better structural 
performance particularly with respect to fatigue resistance has been high up in the agenda of 
the maritime industry as a whole.        
 
The main objectives of this project were three-fold. Firstly, to identify suitable HSLA steels 
which could be used to replace conventional maritime grades in shipbuilding. Secondly, to carry 
out a quantitative comparison with reference to the mechanical properties of the various HSLA 
steels selected (X65 variants, FCA and S690) with conventional maritime steel grades (AH36 
and DH36). Thirdly, to evaluate the applicability of acoustic emission testing for monitoring 
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crack growth qualitatively as well as quantitatively.   The key findings of the experiments and 
analysis carried out are summarised and discussed in the following sections of this thesis.  
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2    Conventional Maritime and High Strength Low Alloy Steels 
 
2.1 Conventional maritime steels 
 
AH36 and DH36 are two conventional high strength steels which are commonly used in the 
maritime industry [18]. The maximum carbon content in these steels is 0.18% in weight. AH36 
and DH36 steel plates are normalised, control rolled, and thermomechanically control 
processed before being supplied to shipbuilders [18]. These two steel grades have fine grain 
size as a result of certain alloying elements employed such as aluminium, vanadium, and 
niobium [18]. Shipbuilding requires relatively high yield strengths and thus the minimum yield 
strength tolerance for both AH36 and DH36 steel is 355MPa. Apart from high yield strength，
steel grades used in shipbuilding, particularly for the construction of the hull and other critical 
areas, should exhibit high fatigue lifetime.  
 
The hull is the most important structural part of the ship. It is continuously subjected to cyclic 
loading caused by waves, cargo loading and unloading and engine vibration. Hull fatigue is 
mainly attributed to high loading cycles induced by the ship’s motion travelling through waves. 
Ship cyclic loading can reach as high as 108 cycles within a twenty-year service period [19].  
 
2.2  High strength low alloy steels for maritime applications 
 
Traditionally, mild steel has been the most widely used maritime structural material as it is fairly 
cheap. However, an obvious disadvantage of mild steel is that it has limited toughness and crack 
arresting ability[6]. The modern maritime industry shows high demand for steel grades with 
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high performance that permit the use of plates with lower thicknesses thus resulting in 
significant savings in fuel consumption and engine requirements. HSLA steel is a type of alloy 
steel with a more favourable ratio of strength to weight compared with conventional HY series 
of steels [4]. HSLA-80 and HSLA-100 were first employed by the U.S. Navy to replace HY-80 
and HY-100 steels. HSLA steels are normally processed using thermomechanical control and 
direct quenching (DQ) as shown in Figure 3. In order to achieve high strength as well as 
toughness, several strengthening techniques including grain refinement, transformation 
strengthening, precipitation strengthening mechanisms can be employed. The addition of 
alloying elements like Mo, Ni, Cr and Mn in steels contributes to the improvement of the 
hardenability of the steel alloy. Other elements like Nb, Ti and V contribute to the refinement 
of the average grain size [20].  
 
Figure 3: Schematic illustration of thermomechanical control process[7].  
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2.3 High strength low alloy steels considered in this study 
 
In this study three different HSLA steel grades have been considered and compared against 
conventional AH36 and DH36 grades. The HSLA steel grades studied included X65 (three 
different variants – two procured from TATA steel and one procured from Arcelor Mittal), S690 
(two different variants – procured from Thyssen and RUKKI respectively) and FCA (procured 
from SUMITOMO). 
 
2.3.1  X65 
 
The X-65 steel (Table 1) is a steel grade which is mainly used in oil and gas industry. This 
HSLA steel grade is already extensively used for offshore applications and thus has the 
corrosion resistance required in shipbuilding applications.  
 
Table 1: Nominal composition (% by weight) of X65 steel and all values are the maximum 
amount allowed by the American Petroleum  Institute (API)  specification 5L [21] . 
Cmax                            Mn P S Si 
0.26 1.40 0.03 0.03 _ 
 
X65 is extensively used in oil and gas industry for the construction of pipelines due to its high 
ratio of yield strength to ultimate strength. X65 tends to have either a ferrite-pearlite, ferrite-
acicular ferrite or ferrite-bainite microstructure depending on the production method 
employed[22] . The strength of X65 steel is achieved through the use of appropriate hot rolling 
and cooling schedule and pre-straining of X65 has been seen to have a significant influence on 
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the measured engineering yield and tensile strength [22] . 
 
2.3.2 S690 
 
The S690 grade (Table 2) is an HSLA steel which has only occasionally been used by the 
maritime industry for constructing certain parts of the ship. The S690 grade has a higher carbon 
content than X-65 (approximately 0.17-0.18 in wt %).  
 
Table 2: Nominal composition (% by weight) of S690 steel (the values are the maximum 
amount allowed according to EN 10025-6) [23] . 
C Si Mn P S N Cu Mo Ni Cr V Nb Ti 
0.2 0.8 1.7 0.02 0.01 0.015 0.5 0.7 2 1.5 0.12 0.06 0.05 
 
Depending on the production method S690 grades may have a bainitic or martensitic 
microstructure.  The number ”690” refers to the minimum yield strength of this steel grade. 
During the production of the S690 grade thermomechanical rolling together with accelerated 
cooling and tempering is required [24]. Fatigue tests carried by De Jesus et al. on S690  and  
S355，both of which are specified in the EN 10025 standard，showed that S690 has superior 
fatigue crack initiation resistance than S355 [24, 25]  . 
  
2.3.3 Fatigue Crack Arrester Steel 
 
The Fatigue Crack Arrester (FCA) steel grade is an HSLA steel developed by Sumitomo for 
shipbuilding. FCA has been reported by Sumitomo to exhibit better fatigue initiation resistance 
11 
 
as well as longer crack growth resistance compared with conventional ship steels. FCA steel 
has a mixed microstructure which consists of ferrite and bainite. The interface between harder 
bainite phase and ferrite phase can detour the fatigue crack growth path eventually being 
arrested by the harder bainite, as shown in Figure 4. Thanks to its improved resistance to fatigue 
damage initiation and propagation FCA steel can be applied in ship details subjected to high 
cycle fatigue conditions [10]. 
 
Figure 4: Fatigue crack growth behaviour in FCA steel [10]. 
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3    Fracture 
 
3.1   Steel strengthening mechanisms 
 
There are several methods of strengthening steels, including transformation strengthening, 
grain refinement, solid solution strengthening, precipitation hardening and work hardening. 
Maritime and HSLA steels have more than one phases present. Transformation strengthening 
is achieved by controlling the dispersions of phases present other than the ferrite matrix [26].  
 
Grain refinement can not only improve the strength but also increase the toughness of maritime 
and HSLA steels [27]. Alloy design and processing methods have an important influence on 
grain refinement as they can influence the transformation temperature. Grain refining can be 
achieved by lowering the transformation temperature of the steel through appropriate alloying 
additions. For HSLA steels, nickel, phosphorus, copper and silicon are commonly used 
elements for getting fine pearlite. The Hall-Petch equation below can be used to characterise 
the relationship between the flow stress and mean grain size for steels [28]. 
 
Equation 1 
𝜎𝜊 = 𝜎𝜏 + 𝛫0 × 𝑑
−
1
2  
Where σ0 is the yield strength in MPa, στ is the yield strength of a single crystal in MPa,  
 K0 is the experimental constant in MPamm-1 and d is the mean grain size in mm. 
                             
Solid solution strengthening can be achieved either through interstitial or substitutional solid 
solution through the addition of appropriate alloying elements which diffuse in the crystal 
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structure of the matrix [29].  Substitutional and interstitial solid solution examples are shown 
in Figure 5. 
 
 
Figure 5: Illustration of  interstitial and substitutional solid solution [30].     
 
Work hardening is caused by the interactions between dislocations during the deformation 
process, which makes the flow stress of steel increase at a certain strain level. The flow stress 
is closely related to the effective free dislocation length between pinning points. The shorter the 
average length of the free dislocations is, the higher flow stress will be required to sustain plastic 
deformation. Although work hardening can increase the strength of steel, it can reduce the 
toughness and ductility of the steel [29].  
 
3.2   Stress and strain 
 
Structures in real life are normally subjected to certain loads and moments. The stress 
magnitude depends on the loaded area. The larger the area is, the smaller the stress will be. In 
most cases, the force F applied on a specific area A of a structure can be decomposed into two 
parts, namely a shear force and a normal force giving rise to shear and normal stresses as shown 
14 
 
in Figure 6.  
 
Figure 6: Mixed stress applied on a structure [31]. 
 
Structures subjected to external stress will produce linear corresponding displacements, which 
can be characterised by Hooke’s Law. Hooke’s law is only applied for small strains and 
describes the linear-elastic behaviour of the structure. For uniaxial loading, Hooke’s law is 
described mathematically using the following equation. 
 
                                                                   Equation 2 
𝜎 = 𝛦𝜀     
Where E represents the Young’s Modulus related to the stiffness of the material in GPa and ε 
is the strain exhibited. 
  
A larger Young’s Modulus means a smaller elastic strain under the same load [31]. Steels for 
relatively low strains exhibit an elastic behaviour. This means that the overall strain can return 
to zero when the stress is removed. When stress continues to increase beyond a critical 
magnitude called elastic limit or yield stress in the stress-strain curve, permanent plastic 
deformation will occur [32]. The schematic in Figure 7 shows the various stages of deformation 
experienced by the crystal lattice of a metal as the application of external stress increases. Once 
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the elastic limit is exceeded plastic deformation occurring is permanent and will remain even 
after the stress has been removed [33]. 
 
 
Figure 7: Schematic diagram showing the stages of deformation experienced by the crystal 
lattice of a metal with increasing external stress. 
 
3.3   Typical stress-strain curve 
 
A typical stress-strain curve for mild steel under tensile loading is shown in Figure 8. In the 
stress-strain curve, the section between C (upper yield point) and D (lower yield point) an 
increase in the strain can be seen without an obviously rising stress level. 
 
Figure 8: A typical tensile test curve for mild steel [34] 
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3.4   Ductility 
 
A material’s ability to bear plastic deformation is defined as ductility. It is described 
quantitatively by the following equation [32]: 
 
                                                                 Equation 3 
𝜀 % =
𝐿𝑓
𝐿𝑜
× 100      
Where Lf is the final elongation and L0 is the original elongation in mm. 
 
Brittle materials are normally referred to those which fail before a maximum elongation of 5% 
is achieved. Most steel grades exhibit a significant degree of ductility at room temperature. 
Ductility decreases as the temperature becomes lower. The ductility of steel alloys also 
decreases as the amount of carbon increases due to the higher percentage of cementite forming 
in the microstructure. However, the higher percentage of cementite present also leads to an 
increase in the overall strength of the steel [32]. 
 
3.5   Toughness 
 
Maritime steel grades can absorb energy up to a certain limit which is dependent on their 
toughness. Once the toughness limit is exceeded then crack initiation will occur. If the loading 
levels are sustained then the initiated crack will continue propagating unless it is arrested by a 
harder phase in the microstructure. Crack propagation will accelerate until the crack reaches a 
critical size at which it becomes unstable [35].  
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Unless a steel plate contains already a critical manufacturing defect from which cracking can 
initiate, then any crack initiation will take place after an appreciable number of loading cycles 
as long as stresses do not exceed the design parameters as shown in Figure 9. In maritime steels, 
after a crack initiates, it will subsequently propagate further with every loading cycle. Once 
critical crack size is reached, the affected component will fail abruptly in a brittle fracture mode. 
 
Figure 9: Crack initiation and propagation stages of fatigue lifetime [36]. 
3.6   Intergranular and transgranular  
 
Crack propagation can take place either through the grains of the steel in a transgranular fashion 
or along the grain boundaries in an intergranular mode. In naval steel grades such as the AH36 
and DH36 cracks normally grow in a transgranular mode moving through the pearlite colonies. 
However, in the areas where corrosion is involved then cracks can propagate in an intergranular 
mode. Examples of transgranular and intergranular crack propagation are shown in Figures 10 
and 11. 
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Figure 10: Optical micrograph showing transgranular crack propagation [37]. 
 
 
Figure 11: Optical micrograph showing intergranular crack propagation [38].  
 
3.7   Basic fracture modes 
 
The catastrophic fracture of the ship’s hull or any other critical load bearing component while 
at sea may result in complete loss of the vessel. Ductile fracture and brittle fracture are the two 
modes of fracture exhibited by engineering materials. During ductile fracture a material absorbs 
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an appreciable amount of energy before it breaks. However, during brittle fracture, a material 
will break only after only a small amount of energy has been absorbed [35]. Figure 12 shows 
examples of both fracture modes macroscopically.  
 
Figure 12: Brittle and ductile fracture of steel  at  low temperature(80K) and high 
temperature(300K) respectively [39]. 
 
Steel grades exhibiting ductile failure show cup-and-cone fracture surfaces.  The central areas 
of the fractured surface have a fibrous appearance related to the plastic deformation sustained 
before failure occurs. The fractured surface of a ductile metal after uniaxial tensile or shear 
loading consists of a large amount of spherical dimples, as shown in the SEM image in Figure 
13. Brittle fracture occurs through the separation caused by the breaking of the atomic bonds 
along a specific crystallographic plane. This is also called cleavage fracture. As cracks 
propagate through particular crystallographic planes, the cleavage facets are relatively flat. A 
shiny appearance can be observed due to the high reflectivity of a cleavage facet. Cleavage 
fractures are normally encountered under low temperature conditions and high strain rates and 
can be seen in body-centered–cubic alloys such as steel alloys [40]. 
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Figure 13: (a) Dimples caused by axial tensile loading, (b) dimples caused by shear 
loading[35]. 
 
It is important that the steel grades used in shipbuilding exhibit an acceptable level of ductility 
in order to avoid the occurrence of catastrophic brittle failures. Ductility should be retained 
throughout the operational temperature of the vessel to avoid catastrophic failures such as those 
experienced by Liberty ships. The steel grade used for building Liberty vessels experienced 
ductile-to-brittle transition at lower temperatures resulting in large cracks to initiate at stress 
concentration points to propagate unimpeded for large distances as shown in the photograph of 
Figure 14.  
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Figure 14: Photograph of the S.S. Schenectady Liberty ship after brittle failure due to ductile 
to brittle transition of the steel grade used [41]. 
 
Ductile-to-brittle transition of the steel used in R.M.S. Titanic has also been blamed for the 
extent of the impact damage caused after the ship struck on the iceberg. If modern naval steel 
grades had been used on R.M.S. Titanic, it is highly unlikely that the impact damage would 
have been such as to result in the sinking of the vessel.  
 
The photographs in Figure 15 show the behaviour of modern naval steel grade in comparison 
with the steel grade used for the construction of the R.M.S[42]. Titanic. Instead of deforming 
after collision with the iceberg, the hull plates fractured, failing to absorb the impact energy. 
Figure 16 shows a photograph of the R.M.S. Titanic leaving the Irish port of Queenstown, the 
last port the ship visited before sinking in mid-Atlantic after the iceberg collision. 
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Figure 15: Photographs showing the results of Charpy testing on modern naval steel(left)  and 
the steel grade used in R.M.S. Titanic (right) [42]. 
 
Figure 16: Photograph of the White Star Liner R.M.S. Titanic as it pulls out of Queenstown 
four days before it sunk (photograph is courtesy of newspaper The Guardian,  6 December 
2010) [43]. 
 
Modern naval steel grades are required to exhibit ductile behaviour at temperatures as low as -
60°C. For this reason the capability of naval steels in absorbing energy during impact events is 
assessed during Charpy tests which are carried out at a range of temperatures above and below 
0°C. The graph in Figure 17 shows the absorption energy, brittle fracture surface ratio with 
temperature [44]. 
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Figure 17: Absorption energy and brittle fracture surface ratio with temperature [44].  
 
3.8   Stress intensity factor 
 
Stress intensity factor is a critical parameter which is related to the stress level near a crack tip 
or stress concentrator. The stress intensity factor is described by Equation 4 below. 
                                                     Equation 4 
                                                    𝐾𝐼 = 𝜎√παY                   
  
In the equation, the subscript “I” means the mode I crack displacement. “Y” is the geometry 
factor. Structures with different geometries have different “Y” values. σ represents the  external 
stress applied in the structure. When the external stress σ increases, the stress intensity factor 
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will also increase. When KI increases to a critical value, crack will start to propagate.  
 
The critical stress intensity value is designated as fracture toughness [31]. Fracture toughness 
(KC) is a parameter used to measure the resistance to crack growth of a material. In linear elastic 
fracture mechanics, the value of KC decreases as the specimen thickness increases， as 
illustrated in Figure 18. 
 
Figure 18: Effect of specimen thickness  on fracture toughness [45]  
 
Zhong et al.(2005) showed that HSLA steels with higher fracture toughness can tolerate more 
serious defects and exhibit lower fatigue crack growth rate compared with conventional mild 
steels [46].  
 
When the thickness of a test specimen is much larger than the crack dimension, a plane strain 
condition occurs and in this case, fracture toughness which is independent of specimen 
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thickness is defined as plane strain fracture toughness (KIC). KIC is conservative as it represents 
the lower bound fracture toughness. KIC can be influenced by many factors of which 
microstructure, temperature and strain rate are the three most influential ones. Normally a 
microstructure with smaller grain size exhibits higher fracture toughness. Increasing 
temperature and decreasing strain rate can also lead to higher fracture toughness. 
 
The three-point bending single-notched (SEB) specimen is one of the preferred specimens used 
for KIC testing. According to ASTM regulation E1820, in order to obtain a valid KIC value, the 
two following requirements need to be met: 
Equation 5 
𝐵, 𝑎 ≥ 2.5 (
𝐾𝑄
𝜎𝑦𝑠
)
2
      
Where B is the thickness of the specimen, and α is the crack length, and 𝜎𝑦𝑠 is the material 
yield stress. 
Equation 6 
𝑃𝑚𝑎𝑥 ≤ 1.1𝑃𝑄          
Where 𝑃𝑚𝑎𝑥 is the maximum load that the specimen sustained and PQ is the force determined 
by the 95% offset criterion. 
. 
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4    Fatigue in Ships 
4.1   Importance of fatigue 
 
Steel grades used in ship construction, especially the ship hull and other critical areas, should 
possess high fatigue lifetime. The ship’s hull is subjected to different kinds of cyclic loadings 
from the ship’s motion in waves, internal stress changes caused by ballast, wave impact and 
vibration produced by the engine or propellers.  
 
Cyclic loading caused by waves are regarded as a major stress factor which can result in fatigue 
initiation and propagation in the hull structure as well as other load bearing components of the 
vessel. Figure 19 shows the complete hull failure of the New Carissa  resulted from wave cyclic  
loading  in 1999.Wave cyclic loading reaches a fairly high number of load cycles during the 
normal operational lifetime of a vessel [19]. 
 
Figure 19: Hull failure of the New Carissa subjected to excessive wave cyclic loading [47] 
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4.2   Cyclic stress mode 
 
Fatigue failure occurs when structures are subjected to cyclic stress or strain and there is little 
plastic deformation related to the failure. In general, there are three possible cyclic stress modes; 
the reversed stress cycle, repeated stress cycle and random stress cycle [35]. The schematic in 
Figure 20 shows the three different cyclic stress cycles. 
 
Figure 20: Three different cyclic stress modes.(a)reversed stress cycle (b) repeated stress 
cycle(c)random stress cycle [35]. 
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4.3   Factors influencing fatigue life 
 
The factors that influence the fatigue lifetime of a steel structure can be divided into four major 
types; a) the mechanical properties of the steel, b) structural characteristics, c) loading modes 
and d) environmental conditions [48]. 
 
4.3.1 Material properties 
 
 Different materials exhibit different fatigue resistance. Materials of the same type can also have 
different fatigue strength, because they may undergo different heat treatment process which 
may result in distinct microstructural features that influence the materials’ fatigue resistance. 
Figure 21 shows fatigue crack growth behaviour at the heat-affected zone for  specimens (AISI 
4140 steel welded using the shielded metal arc process ) normalised at 1200 °C for 5 and 10 
hours and as-received condition. 
 
Figure 21: Fatigue crack growth property for the heat-affected zone normalized at 1200°C for 
different time  periods [49]. 
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An example of the effect of the microstructure in the fatigue properties is the FCA steel where 
the presence of the harder bainite makes crack arrest become possible[10]. 
  
4.3.2  Structural characteristics 
 
The stress intensity factor is determined by the structural characteristics and geometry of the 
component, thus influencing its total fatigue life. For example, different pre-cracking lengths 
will correspond to different shape factor values for specimens with the same geometry and 
hence the fatigue crack growth rate in Paris-Erdogan Regime will be different. It is inevitable 
that occasionally a defect will be induced during the manufacturing process of a material or 
component. Such manufacturing defects have a detrimental impact on fatigue lifetime and 
account for the wide scatter in fatigue results.  
 
Welds have a significant influence on the fatigue strength of structures. In weld joints, some 
residual stress still exist, which can influence the fatigue life of welded structures. The residual 
stress can be changed by stress peaks and have a relaxation during the fatigue loading process 
[48]. 
 
4.3.3  Loading modes 
 
Zero mean stress during fatigue test leads to longer lives compared with tensile mean stress. 
Figure 22 show the relationship between mean stress and stress amplitude for a given number 
of cycles to failure. 
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Many methods have been used to characterise the influence of mean stress on fatigue lives of 
steel structures. Kujawski and Ellyin (1995) put forward a unified method to describe the effect 
of mean stress on fatigue threshold [50]. In addition, fatigue crack growth rates are different for 
the same cycles under variable amplitude and constant amplitude loadings, which are caused 
by the load interaction effects. Load interaction effects are determined by a combination of 
various factors like microstructure, material properties and specimen geometry [51]. 
  
 
Figure 22: The Influence of mean stress on fatigue data for a given number  of cycles to 
failure [52]. 
 
4.3.4  Environment 
 
Temperature and corrosive substances are two major factors which can influence the fatigue 
lives of steel structures. At high temperature, the influence of mean stress on the fatigue 
behaviour of steel structures is quite complicated, which is caused by the combined effects of 
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fatigue, creep and environment. The linear elastic stress intensity theory does not apply any 
more, as a considerable amount of plasticity is induced. As the temperature increases, the 
critical crack size will increase due to the fact that fracture toughness increases with rising 
temperature. Chemical pitting tends to take place at inclusion sites in the initial stage of 
corrosion fatigue for steel structures. There are three stages in total during corrosion fatigue 
process, namely pit formation, short crack development and long crack development [53]. 
Figure 23 shows the influence of corrosion environment on fatigue behaviour. 
 
 
Figure 23: S-N curves in air and corrosive environment [54]. 
 
In maritime applications the effect of salt water and fouling are the most important 
environmental parameters. 
 
4.4   S-N curve 
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The S-N curve is often used to describe the relationship between the stress amplitude and the 
fatigue lifetime of material. Materials subjected to the reversed cyclic stress condition have the 
shortest fatigue lifetime. Ferrous materials are generally assumed to have an infinite lifetime 
when the cyclic stress range is below a certain value on the S-N curve, which is designated as 
the fatigue limit of the materials [55] . For carbon and low alloy steel, the S-N curve, which is 
plotted as linear stress versus logarithmic time, shows a straight sloping part at low cycles. At 
high cycles the curve sharply changes to a straight horizontal line [56] . Examples of S-N curves 
are shown in Figure 24.  
 
 
Figure 24:Typical S-N curves for Ferrous and Nonferrous Metals [52] . 
 
Fatigue failure won’t happen as long as the cyclic stress range is below the fatigue limit, 
regardless of the number of loading cycles. In contrast, failure will take place if the cyclic stress 
range is above the fatigue limit and the entire fatigue life can be predicted based on the S-N 
curve. The extent to which the cyclic stress range surpasses the fatigue limit in each loading 
cycle determines the number of cycles the material can survive. Fatigue crack will grow at an 
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increasing rate after its initiation until the critical crack length is reached at which unstable 
fracture will happen. The resistance of a structure to crack growth mainly depends on the cyclic 
stress range and R-ratio. Thus, without considering the influence of other unknown cracks, the 
number of loading cycles that the structure can withstand also depends on the two factors. The 
maximum stress that a structure can sustain is determined by the crack length. When the crack 
length exceeds a certain value, final fracture will happen immediately as shown in Figure 25 
[57] . 
 
 
Figure 25: The  allowable stress  versus crack length [57]. 
 
4.5  Fatigue crack growth rate 
 
Fatigue crack growth rate is an important parameter which is used to characterise the fatigue 
resistance property of a material [58]. There are three different distinct stages in fatigue crack 
growth. In the first stage, the crack starts to grow when ΔK reaches a certain value called 
threshold ΔKThreshold and then the crack grows fairly slowly with a rapid changing rate. 
ΔKThreshold  refers to  ΔK  which corresponds to a  crack growth rate of 10-7mm/cycle, according 
to ASTM regulation E647.In the second stage，the fatigue crack growth rate satisfies the Paris-
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Erdogan Law. In this regime, the crack growth rate can be of the order of 10-6-10-3 mm/cycle. 
Finally, at the third stage the crack becomes unstable and crack growth progresses in an 
extremely high speed before brittle fracture eventually takes place. The crack growth rate can 
be above 10-3 mm/cycle [59, 60]. Figure 26 shows the effect of fracture toughness on the 
governing failure mechanism[61] 
                     
Figure 26: Effect of fracture toughness on the governing failure mechanism[61] 
 
The three and four-point bending specimens are traditionally used specimens for crack growth 
rate measurements. During three and four-point bending tests the crack growth needs to be 
monitored with respect to the number of the loading cycles applied. At the same time the stress 
intensity factor ΔK also needs to be calculated. 
 
4.6   Paris-Erdogan Equation  
 
The Paris-Erdogan Law, describes the relationship between crack growth rate (da/dN) and the 
stress intensity factor range (ΔΚ). The Paris-Erdogan Law is described mathematically by the 
35 
 
following equation: 
                                                                  
Equation 7 
𝑑𝛼
𝑑𝑁
= 𝐶𝛥𝐾𝑚 
                 
C and m are material constants. The equation does not apply to very low ΔK values near the 
value of ΔKThreshold, where crack initiation occurs, and near final failure when the crack has 
become unstable and ΔK approaches the fracture toughness. A typical curve of da/dN versus 
ΔΚ, shown in Figure 27, can be obtained by taking the logarithm of both sides in the equation. 
 
\ 
 
Figure 27: A typical fatigue crack propagation plot showing the three different regimes of 
crack growth propagation during cyclic loading [59]. 
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4.7   Influence of R-ratio on fatigue behaviour 
 
R-ratio, which is defined as the ratio of the minimum stress to the maximum stress during cyclic 
loading process as shown in Equation 8, has a significant influence on fatigue crack growth rate 
[62].  
                                                                   Equation 8 
𝑅 = Kmin Kmax⁄ =
σmin
σmax⁄        
 
The influence of R-ratio on the fatigue life of a component structure can be significant. Pereira 
et al. (2008) obtained the S-N curves under constant stress amplitude with three different stress 
ratios of 0, 0.15 and 0.3 respectively, as displayed in Figure 28. It shows that under a constant 
maximum stress, the fatigue life increases with R-ratio, whereas under the same stress 
amplitude, an increase in R-ratio leads to a decrease in the fatigue life[63]. Thus, fatigue life 
can be improved by changing the R-ratio under certain circumstances. 
 
Figure 28: S-N curves  for the component with three different R-ratios employed[63] 
37 
 
El-shabasy and Lewandowski (2004) studied the effect of R-ratio on the fatigue crack growth 
behaviour of a fully eutectoid pearlitic steel. They found that increasing R-ratio can reduce the 
threshold value as well as increase the Paris Law slope in the fatigue test at a particular 
temperature. In their study, they employed three-point bending tension-tension test to obtain the 
whole fatigue curves for the specimens. The load mode was sinusoidal and the cyclic frequency 
was set at 20 Hz. They observed the fracture surfaces examples of which are shown in Figure 
29 over the range of ΔK using SEM and found that as ΔK increases, the percentage of cleavage 
fracture on the fracture surface also increases [64]. 
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Figure 29: Typical SEM images of fracture surfaces of pearlitic steel at three different fatigue 
regimes: a) Near threshold regime, (b) Paris equation regime (c) Critical regime, R-ratio=0.4 
and T=-125℃.White arrows represent cleavage zone, whereas black arrows denote fatigue 
fracture [64]. 
4.8  Fatigue of ship steel 
 
There are several fatigue crack growth mechanisms in steel like striation formation, void 
coalescence, intergranular failure and micro-cleavage dependent on different strength 
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conditions. According to the loading conditions and microstructures of steels, the above growth 
mechanisms can sometimes be combined in a steel specimen [65, 66]. In general, striation 
growth can mainly be found in low and medium strength steels. Micro-cleavage and 
intergranular separation happen in steel grades with lower toughness, especially when Kmax in 
a cycle is comparable to KC, which is the stress intensity factor corresponding to fracture during 
the fatigue test [67]. 
 
The hull is the most important part of a ship structure which is continuously subjected to cyclic 
loading. Igi et al [19] studied the fatigue properties of two conventional ship steels, DH32 and 
DH36. The fatigue crack growth rates obtained exhibited a relatively wide distribution range as 
shown in the plot in Figure 30.  
 
Figure 30: Fatigue properties of DH32 and DH36[19]. 
 
Fatigue behavior of another conventional ship steel grade EH36 was investigated by Y.W.Cheng. 
Standard compact specimens and modified compact specimens of EH36 steel were used to 
measure the fatigue crack growth rate. The test results showed that fatigue crack growth rate 
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from 2×10-5 mm/cycle to 10-3mm/cycle was independent of stress ratio for constant amplitude 
stress range. However, the stress ratio may influence fatigue crack growth rate in lower and 
higher crack growth rate zones [58].  
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5 Acoustic Emission Technique 
 
5.1   Principles of AE testing 
 
Acoustic Emission (AE) testing is a dynamic non-destructive testing technique which is 
extensively used for structural integrity condition monitoring and evaluation. The principle of 
AE as shown in Figure 31 is based on the detection of transient elastic waves emitted when the 
component under evaluation is loaded up to a sufficient level to cause damage growth  AE 
signals have very small intensity and are high frequency events which are detectable using 
extremely sensitive AE sensors incorporating piezoelectric crystals. The piezoelectric crystals 
convert the displacements in the surface of the sample to electric signals which are then suitably 
amplified using appropriate pre-amplifiers and amplifiers.  
 
Figure 31: Principle of AE technique [68]. 
 
AE signals can be generated from various sources including dislocation movement, plastic 
deformation, crack growth, corrosion, erosion, impact, friction and even phase transformation. 
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In composite materials signals can arise from debonding, delamination, matrix cracking and 
fiber failures. Depending on the type of damage evolution mechanism different wave types may 
appear [69]. Crack growth is the most common source of AE signals with high amplitude [70]. 
By analyzing the different waveforms and other features of the AE signal it is possible to 
recognise the feature in the material that is giving rise to specific aspects of the recorded AE 
activity. In some cases depending on the extent of AE activity being recorded it is possible to 
assess the severity of defects present [71]. Since the deformation of materials is not reversible, 
it is necessary to know the stress history of the materials when the AE monitoring technique is 
employed [72].   
 
Care must be given to filter unwanted noise when setting out the data acquisition parameters. 
A proper threshold setting is a fairly useful tool to eliminate background noise interference. 
Any signals of which amplitudes are below the threshold value will not be logged as AE hits 
[73]. The quality of the AE measurement is affected by the way the Peak Definition Time (PDT), 
Hit Definition Time (HDT) and Hit Lock-out Time (HLT) have been set since these three 
parameters fundamentally influence the way AE hits captured as shown in Figure 32. PDT is 
used to make a reliable identification of AE peak by determining the rise time and measure the 
peak amplitude correctly. HDT is used to prevent several AE events from merging into a single 
hit. HLT enables higher or lower data acquisition speeds depending on the requirements of the 
measurement by keeping the system locked away from recording superfluous signals during 
the decay process of a detected AE event [74].  
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Figure 32: Illustration of the determination of AE hit based on PDT, HDT and HLT [75]. 
 
Normally, AE activity can be represented by two main types of waveforms; burst and 
continuous as shown in Figure 33 [72, 76]. Continuous waveforms are mainly attributed to 
deformation processes like cross-slip and dislocation pinning or noise and the amplitude of the 
signal is normally very small with relatively low duration and energy. Moreover, it is rather 
difficult to discriminate discrete signals from the others in a continuous waveform. Burst 
waveforms are often associated with events which emit higher energy such as crack initiation 
and propagation. In this study the useful signals are burst type and are related to crack growth 
or fracture.  However, some burst signals are unwanted, such as echoes and need to be removed. 
Most of continuous waveforms captured are associated with mechanical noise or friction [76]. 
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Figure 33: Burst(left) and continuous (right) AE signals [76]. 
 
There are several different waves which can be recorded by the transducers, such as shear, 
compression, Rayleigh (surface) and Lamb (plate) waves as shown in Figure 34. The detected 
waves are followed by a series of echoes and reverberations, which can complicate  analysis of 
results [77]. For large structures the number of AE sensors that can be used to cover the entire 
structure is limited. Thus, AE sensors are likely to be located at some distance away from the 
source. In this case Lamb waves and Rayleigh waves are particularly useful in AE since they 
attenuate very slowly as they propagate over long distances.  
 
Rayleigh waves account for a large part of the waveform when the distance between the sensor 
and source event is higher. For fairly thin plate specimens, Lamb waves are more likely to 
dominate the waveform [78]. An unavoidable problem is that the characterisation of the source 
event become difficult，as it is almost impossible to infer the initial wave form from the source 
event with energy converted into Rayleigh and Lamb waves[77]. 
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Figure 34: Different waves  recorded by a transducer [79]. 
 
5.2   Common AE parameters 
 
There are five main parameters which are most commonly measured during an AE test 
including threshold-crossing counts, amplitude, duration, rise time, and energy envelope.  
, as shown in Figure 35 [72].  
 
Figure 35: A typical burst AE signal and  its commonly used parameter [80]. 
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Threshold-crossing counts are defined as the number of pulses which are beyond the threshold 
set manually and are emitted by the measurement circuit. Amplitude of the signal represents the 
largest voltage in the recorded waveform and it is measured in decibels (dB), which is a 
logarithmic scale in which 100mv is defined as 40dB. Duration represents the time between the 
first threshold crossing and the last threshold crossing and it is determined by the signal source 
and is a useful tool to distinguish genuine signal from noise. Rise time refers to the time between 
the first threshold crossing and the peak signal and it can be easily influenced by the propagation 
in the material structure. The area between the threshold and the energy envelope is defined as 
MARSE. As MARSE is more easily influenced by the amplitude and duration than the threshold 
and operating frequency, it is a vital tool in determining the deformation degree in the source 
[72].  
 
5.3   Kaiser effect 
 
The Kaiser effect was established during studies on AE carried out by Joseph Kaiser [81] . The 
graph in Figure 36 shows the loading and unloading cycles of a metallic sample. Each time the 
sample is unloaded, in the following loading cycle the maximum load amplitude is higher than 
before. In the graph the AE activity is represented by the black-coloured solid lines. The light-
coloured solid lines represent the load amplitude. The dashed lines indicate at each loading 
cycle the load amplitude at which significant acoustic emission activity resumes. Until the 
previous maximum load is exceeded there is no appreciable amount of AE activity recorded. 
However, once the previous maximum load is exceeded, the AE activity recorded becomes 
appreciable again. This behaviour of the AE response related to loading and unloading events 
is known as the Kaiser effect and needs to be taken into consideration when carrying out AE 
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measurements[81]. The Kaiser effect is fairly obvious in simple loading modes. For example, 
in uniaxial cyclic compression test, AE hits do not appear until the stress reaches the previous 
largest value. When stress attains the maximum value, AE signals are generated immediately. 
However, in some cases, AE events still take place even though the stress is below the previous 
maximum stress, which is probably caused by the friction in the existent cracks. In this case, 
the Kaiser effect causes a change in the slope of the plot of total AE hits versus stress, which is 
shown in Figure 37 [82]. 
 
 
Figure 36 : Kaiser effect in a cyclically loaded concrete specimen [81]. 
Kaiser effect 
AE activity 
Load 
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Figure 37: Plot of cumulative AE hits versus stress in the second cycle of uniaxial 
compression loading. The maximum stress in the first cycle is σm. In the second cycle, AE 
activity may be (a)zero or (b)non-zero  when  the stress is lower than σm [82]. 
 
5.4   AE application in fatigue and tensile tests 
 
During fatigue tests, different mechanisms associated with cyclic softening, crack initiation, 
crack closure and final failure can result in AE signals being generated. If AE signals caused by 
crack closure and opening are removed in a fatigue test specimen, then the AE hits captured 
during testing will be associated with dislocation movement, cyclic hardening and softening, 
crack incubation and crack growth [80]. Before analysing the waveform characteristics of 
signals generated during fatigue tests, an important task is to filter the unwanted noise. Yu et al. 
employed AE technique to predict the remaining life of in-service steel bridges [83]. In their 
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research, they adopted several measures to eliminate noise arising from different sources. To 
filter the noise generated during the friction process caused by crack closure, AE signals 
captured below 80% of peak load were discarded. Certification tests were carried out to check 
the feature of noise generated by fretting. To achieve this, the maximum load was reduced so 
as crack growth rate approached zero. Hence, in this case AE signals generated by the crack 
growth process were not detected [83]. Figure 38 shows a 3D plot that summarises the changes 
in AE activity with stress changes and cycle numbers for the 3 different stages of failure for a 
smooth-plate sample.  
 
 
Figure 38: 3D illustration of  variation of AE activity with stress and cycle during the fatigue 
test on a smooth-plate sample [84]. 
 
Khan, S.A., et al. [85] investigated the deformation mechanism of Fe-Si steels during tensile 
testing using AE testing and fractographic analysis. Continuous wavelet transform rather than 
Fourier transformation was employed to to process the AE signals capture . Low and high 
frequency signals were found to be present. The differences in the frequency content of the two 
types of signals recorded were determined to be associated with two different source 
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mechanisms; inclusion debonding/breaking (low frequency signals) and cleavage fracture (high 
frequency signals) [85]. 
 
Han Z, et al. [86] studied the influence of strain rate on AE during tensile tests carried out on 
notched and unnotched Q345 steel samples. Two different types of AE waveforms were 
detected during tests. The first type of signals was burst waveforms originating from micro-
yielding and work hardening. The second type was continuous waveforms observed during the 
discontinuous yielding stage. Compared with burst-type signals, the strain rate had a greater 
influence on continuous-type signals. The energy of continuous-type signals increased as the 
strain rate became higher [86].  
 
5.5   AE signal analysis method  
 
AE signal analysis can be based either on parameter-driven or signal-driven analysis.  In 
parameter-based analysis higher data storage speeds are possible. Moreover , there is no need 
to have a dead time for storing the waveforms recorded by sensors like in signal-based analysis, 
avoiding in this way loss of information [87]. In addition, statistical values of AE parameters 
have been studied intensively to infer the degree of damage for a given material or structure. 
The b-value, i.e., the log-linear slope of amplitude-frequency distribution of acoustic emission, 
has been investigated as a means of analyzing AE data during local monitoring of a concrete 
reinforced beam. This technique is capable of showing the relative contribution made by high 
or low energy to the total acoustic emission results, with high b-value corresponding to a low-
energy predominant signal and low b-value corresponding to a high-energy predominant signal.  
Precipitation fracture, crack nucleation and propagation in a precipitation hardening alloy 
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system is accompanied by a high energy release thus corresponding to a low b-value, while  the 
higher b value is mainly due to the contribution from events like dislocation glide, particle-
matrix decohesion, etc. [88, 89]. Colombo et al. [88] compared the trend of b-value with the 
damage process of a concrete beam subjected to cyclic load and found that the trend of b-value 
has a good relationship with micro and macro-crack evolution measured during the loading 
process of the beam. More specifically, it was found that the maximum b-value trend is related 
to micro-crack growth while the minimum b-value trend means a macro-crack has formed, as 
shown in Figure 39.  
 
 
Figure 39: Variation of  b-value with  cycle  number during the test [88] . 
 
Other AE parameters like energy, RA value which is defined as the ratio of rise time to peak 
amplitude and average frequency have been reported to be closely related to the fracture mode 
[90]. Spectral analysis techniques such as Fast Fourier Transform (FFT) have also been 
investigated for the analysis of AE signals. In FFT the peak frequency is a useful parameter to 
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discriminate the different AE sources producing the corresponding signals. FFT-based spectral 
analysis has been used to identify the different fatigue crack growth mechanisms within the 
threshold and Paris regimes for aged 9Cr-1Mo steel [91]. It has been seen that the peak 
frequencies in both cases are similar,  suggesting that the crack growth mechanisms are more 
or less the same in the two regimes, i.e. a mixture of quasi-static cleavage and plastic 
deformation along boundaries.  
 
Chang, H., et al. [92] used FFT to identify different corrosion fatigue crack growth mechanisms 
for two different aluminum alloys, which is difficult to achieve using conventional amplitude 
distribution technique alone. The different peak frequencies represent different corrosion 
fatigue crack growth mechanism. Moreover, they used Frequency Centroid Ratio (FCR) to 
discriminate different AE sources. FCR can not only take into account the magnitude of the 
signal but also the frequency distributions [92]. 
 
Compared with FFT, wavelet analysis offers better time and frequency localisation capability.   
Serrano and Fabio [93] employed wavelet transform to analyze AE signals. Time-frequency 
analysis on some physical parameters, such as amplitude, counts, ringdown counts can be  used 
to tackle the AE signal analysis problem [93]. Wavelet packet analysis has also been reported 
to be used to investigate the influence of martensite volume on AE activity generated during 
tensile testing of a dual steel [94]. Different micro-mechanisms corresponded to different 
frequency ranges and energy concentration. Three different components of the AE signals with 
the frequency ranges of 0-125kHz,125-250kHz and 500-625kHz  were found to be associated 
with three corresponding AE sources namely, ferrite/martensite interface failure, ferrite 
deformation and martensite fracture ,respectively [94]. Qi et al. [95] studied fracture 
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characteristics of fiber-reinforced composites also using wavelet-based analysis. The tensile 
specimens they employed during testing had drilled central holes. They obtained the 
exponential values through the relationship between stress and wavelet energy and compared 
these values with those acquired using conventional AE techniques.  
 
5.6   AE during crack growth process 
 
Crack growth is an important source of AE activity [83, 84, 96-101]. AE signals produced in 
the plastic zone of the crack-tip and crack-front movement have different characteristics. AE 
generated by plastic zone growth has lower amplitude than those generated by crack growth. 
Moreover, AE signals can also be influenced by the microstructure of the test specimens. Many 
AE signals generated from yielding are caused by pearlite cracking in the ferrite/pearlite 
microstructure. Spheroidisation of pearlite can reduce the total amount of AE activity[102]. 
 
Sinclair et al. [98] carried out AE data analysis during fatigue crack growth in three different 
steels. They used the ACEMAN system to analyze and locate AE sources. During fatigue tests 
carried out by Sinclair et al., the total number of AE events, N, generated over a certain number 
of cycles were proportional to the fatigue crack area, A, produced in the same period as shown 
in Equation  9[98]. 
                                                                   Equation 9 
N = γA   
Hamel et al. [103] investigated the influence of R-ratio on the AE count rate. It was found that 
the AE count rate increases with decreasing R-ratio (from R=0.4 to R=0.2). This increase in AE 
count rate was deemed to arise due to a combination of  two different modes,  new plastic 
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yielding and crack tip fracture processes [103].  
 
Berkovits and Fang [84] used AE to investigate the characteristics of fatigue crack initiation 
and crack closure in specimens of nickel-based Incoloy 901 superalloy. A burst peak in the plot 
of cumulative AE counts versus cycles was observed during fatigue crack initiation. The crack 
closure stress with AE result and compared the stress obtained by AE signature with those 
calculated from several formulae, some of which are shown in Equations 10 to 12. They found 
that the Schijve 1 equation show a high similarity with the obtained data from AE measurement 
[84].      
                                 
         Schijve 1[104] :              Equation 10 
    γ = 0.45 + 0.2R + 0.25R2+0.1R3     
           Kumar and Garg [105]:  Equation 11   
                           γ = 1 − (1 − R) · (0.5R + (σy/42) )    
        Maddox[106] :                  Equation 12 
                           γ = 0.25 + 0.5R + 0.25R2                    
Where R is stress ratio, γ is crack-opening stress ratio defined as crack opening stress divided 
by maximum stress during one cycle and σy is yield strength. 
 
Pinar et al.[107] found that the amplitude of noise from a Dartec 50 KN Servo-Hydraulic 
Universal Test Machine which is also used for the fatigue test in this thesis during a four-point 
bending test on rail steel samples with AE monitoring the whole process was restricted to 40dB 
[107]. It was concluded that almost all the hits with amplitude higher than 40dB in the test were 
related to crack growth events. Most high amplitude events were recorded in the final stage of 
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the test, as the final failure of the samples was near. The hits recorded after the critical crack 
length had been reached had the highest duration, signifying that duration can be used as a tool 
to remove unwanted noise [107]. 
 
Kostryzhev, et al. [108] employed AE technique to monitor the fatigue crack growth process 
and then analyzed the results using different signal parameters. They have found that AE signal 
characteristics depend on fracture mechanisms.AE signals with high duration and low 
frequency are generated by ductile fracture, whereas those with low duration and high 
frequency correspond to brittle fracture as shown in Figure 40  [108]. 
 
 
Figure 40: (a)a typical SEM image of fracture surface after fatigue with the corresponding AE 
waveforms and power spectral for (b) ductile fracture and (c)brittle fracture  [108] 
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6    Experimental Methodology 
 
6.1   Steel grades studied 
 
Four different steel grades have been supplied in the form of steel plates of various thicknesses. 
These include two conventional X65 plates with thickness of 13 (X65-1) and 18mm (X65-3) 
respectively, one modified X65 plate with thickness of 50mm (X65-2), two S690 steel plates 
with thicknesses of 12 and 20mm respectively and Fatigue Crack Arrestor (FCA) steel plate 
with thickness of 12mm. The data regarding the steel thickness considered in this study are 
summarized in Table 1. The compositions (% by weight) of the steel grades studied are given 
in Table 2. The thicknesses were chosen based on the different structural components   found 
on ships such as the hull. 
 
 Table 3:  Steel thickness considered in this study 
.  
 
Steel grade Thickness in mm 
X65-1 13 
X65-2 50 
X65-3 18 
S690-1 12 
S690-2 20 
FCA 12 
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Table 4: Steel compositions (% by weight) for each steel studied. 
Composition of conventional X-65 steel (1) and (3) 
C Si Mn P N Al Cu Mo Ni Cr V Nb Ti 
0.075 0.38 1.47 0.01 0.006 0.047 0.01 0.005 0.01 0.01 0.074 0.036 0.002 
 
Composition of modified X-65 steel (2) 
C Si Mn P N Al Cu Mo Ni Cr V Nb Ti 
0.053 0.18 1.59 0.013 0.006 0.037 0.23 0.002 0.17 0.26 0.001 0.097 0.016 
 
Composition of S690 steel 
C Si Mn P N Al Cu Mo Ni Cr V Nb Ti 
≤0.2 ≤0.80 ≤1.70 ≤0.20 - - - - ≤2.0 ≤1.5 - - - 
 
Composition of FCA steel 
C Si Mn P     S N Al Cu Mo Ni Cr Nb Ti 
0.04 0.42 1.5 0.009 0.002 - - - - - - - - 
 
The results for the HSLA steels were compared to those of the AH36 and DH36 traditional 
naval grades also tested by other researchers at AIMEN, Spain also involved in the project.  
 
6.2   Microstructural characterization 
 
Microscopy samples 10mmx10mm were cut from the plates studied in order to examine the 
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microstructure of the different steel grades. The samples were mounted on bakelite and then 
ground using abrasion paper to 1200 grade. The samples were then fine polished down to 1μm. 
The polished samples were etched using 2% Nital to reveal the microstructure. The etched 
samples were examined using a Karl Zeiss optical microscope.  
 
Vicker’s hardness tests were also carried out on all steel samples. The hardness values measured 
are summarised in Table 5. 
 
 
Table 5: Hardness results for HSLA steels 
HSLA Steel 
Hardness (HV20) 
1 2 3 Average* 
X65 – 1 179.2 176.4 178.5 178 (1.46) 
X65 – 2 151.1 153.6 151 152 (1.47) 
X65 – 3 194.8 194.9 192.3 194 (1.47) 
S690  288 283.4 285.9 286 (2.3) 
FCA 188 189.2 187.5   188(0.87) 
*Value in brackets is the standard deviation 
 
The microstructure for each steel grades tested is shown in the optical micrographs included in 
Figure 41. The optical micrograph of FCA shows a mixed ferritic-bainitic microstructure whilst 
for the S690 a tempered martensite structure is evident. Both X65-1 and X65-2 steel grades 
show a ferrite pearlite microstructure. The X65-3 on the other hand shows an acicular ferrite 
structure. The nature of the microstructure, i.e. the phases present and grain size influence the 
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hardness and ductility of the samples. This has an effect in the level of acoustic emission energy 
emitted during crack growth. The microstructure also influences the rate at which the crack 
growth will grow and if any arrest events will occur due to the presence of a harder phase in the 
path of the crack tip as it propagates. If the crack is arrested or propagates slower, no or little 
acoustic emission activity is expected to be recorded. However, in the case of rapid crack 
growth the acoustic emission activity recorded increases dramatically. 
a)   
b)  
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     c)   
        d)           
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 e)    
Figure 41: Microstructure of a) conventional X65-1 steel (18mm steel plate) and b) modified 
X65 -2 steel (50mm thick steel plate), c)  X65-3 steel,  d) S690 steel and e) FCA steel 
 
It should be noted that the optical micrographs for the five HSLA steel grades considered have 
been taken in the rolling direction only. 
 
6.3   Impact tests  
 
Charpy tests were carried out on four steel grades at -20℃ in both longitudinal and transverse 
direction. The results are summarized in Table 6 and confirm that steel grades meet the 
requirement prescribed in the Lloyd’s Regulation for construction of naval vessels [109]. 
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Table 6: Results of Charpy tests for all the four steel grades. 
Steel Direction 
Impact Energy / J 
Test 1 Test 2 Test 3 Average 
X65 - 1 
L 298 298 298 298 
T 233 259 237 243 
X65 - 2 
L 260 285 294 280 
T 240 234 240 238 
X65 - 3 
L 298 298 298 298 
T 298 298 298 298 
S690  
L 286 298 298 294 
T 298 298 298 298 
FCA 
L 252 290 298 280 
T 201 171 169 180 
 
6.4   Tensile tests  
 
Dog-bone-shaped tensile specimens were obtained according to the specifications set in the 
ASTM A131/A131M-08 standard [18]. Figure 42 shows the geometry of the specimen used for 
tensile tests.  
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Figure 42: Test specimen dimensions employed for tensile testing. 
 
A Zwick Roell 1484 testing machine was used to perform the tensile tests. Figure 43 shows the 
experimental configuration. An extensometer was used to measure strain during testing. AE 
measurements were carried out using a four-channel system manufactured by Physical 
Acoustics Corporation. Two differential wideband AE sensors with operational frequencies of 
0.1-1MHz were employed during testing. Wideband sensors were preferred in this case because 
they can detect the resulting AE signals as close as possible to their original frequency. Although 
their peak sensitivity is lower than that of resonant sensors, the finite size of the specimens 
limits losses due to attenuation satisfactorily.  
 
Paraffin was used to couple the sensors on the surface of the tensile sample. The sensors were 
held in place using duct tape. The sensor signals were amplified using PAC pre-amplifiers with 
the gain set at 40dB. AE acquisition parameters were set as summarised in Table 7. 
Table 7: AE acquisition parameters for Peak Definition Time (PDT), Hit Definition Time 
(HDT), Hit Lock-Out Time (HLT) and maximum hit duration. 
PDT HDT HLT Max duration 
300μs 600μs 1000μs 25000 μs 
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Load and strain were acquired together with the AE activity that occurred during testing of 
tensile test samples from the four aforementioned steel plates. Tests were carried out on using 
displacement rate 0.2mm/min and 0.5mm/min with other specimens. The gauge length used 
was 50mm in the case of no AE sensors attached on the specimen. 
                 
 
Figure 43: Tensile testing experimental configuration with AE sensors attached. 
 
6.5   Fatigue crack growth (FCG) testing 
 
Bending samples were produced from the four steel plates. The three-point bending samples 
were manufactured according to the ASTM standard and were used to assess the fracture 
toughness as well as to assess the crack growth propagation during fatigue testing. For fatigue 
testing a sinusoidal loading mode was employed. AE activity was also monitored during tests 
using the aforementioned PAC system. The three-point bending samples were pre-notched. The 
notch acted as a crack initiation point during the pre-cracking process using a Vibrophore 
Extensometer 
AE sensor 
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machine. The schematic in Figure 44 shows the shape and dimensions of the samples in the 
flexural and three-point bending fatigue tests. 
 
Figure 44: Dimensions of the three-point bending test specimens employed for this study. 
 
The three point bending specimens for fatigue test were pre-cracked first using Vibrophore 
machine. Before pre-cracking the samples, fracture toughness tests were carried out using one 
sample for each steel grade to decide the load to be used for the pre-cracking and fatigue test. 
However, as too much plasticity was induced in front of the crack for all the four different steel 
grades samples, the KQ value rather than KIC was obtained using the existing samples at room 
temperature. 
 
An Amsler 20KN Vibrophore electro-mechanical high frequency fatigue machine was 
employed to pre-crack the three point bending specimens. The loading mode during the pre-
cracking process was sinusoidal with an approximate frequency of 76HZ.The maximum load 
of the high frequency pre-cracking process was 3.3KN based on the previous fracture toughness 
test and the R-ratio was kept at 0.1. In order to make sure the crack length in a certain range, 
microscopy replicas were used to monitor the pre-cracking process. 
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After the pre-cracking process，the samples were removed from the Vibrophore machine and 
placed in a Dartec 50KN Servo-Hydraulic Universal Test Machine shown in Figure 45. Before 
the three-point bending test, the maximum and minimum load during the cyclic loading process 
were determined. The determination of the load was based on the previous pre-cracking length 
and the configuration of the samples.  
 
   
 
             
               
            
                  
 
 
 
Figure 45: Experiment configuration for the three-point bending test. 
During three-point bending test, a sinusoidal loading mode, as shown in Figure 46 was 
employed and the total time of a loading cycle was 4s, which meant that the loading was in a 
low frequency situation. The loading ratio was 0.1 and kept constant throughout the whole test. 
Table 8 shows the cyclic loading range for different steel grade specimens. 
Clip Grip AE sensor 
Sensor cable 
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Figure 46: Sinusoidal loading cycle for three point bending test. 
Table 8: Load ranges for fatigue tests. R=0.1 in all cases. 
Steel grade Number  Maximum 
Load(KN)  
Mean  
Load(KN)  
Minimum 
Load(KN) 
X65-1 1 3.3 1.8 0.33 
 
X65-2 
1 3.3 1.8 0.33 
2 3.3 1.8 0.33 
3 3.3 1.8 0.33 
 
 X65-3 
1 2.6 1.4 0.26 
2 3.3 1.8 0.33 
3 1.8 1.0 0.18 
 
S690-1 
1 3.3 1.8 0.33 
2 3.3 1.8 0.33 
3 3.5 1.9 0.35 
FCA 1 3.3 1.8 0.33 
2 4.1 2.3 0.41 
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 A chart recorder was used to record the data with the chart speed set at 2mm/min. The fatigue 
life of each sample was obtained measuring the chart length, which could be then translated 
into total time and then to fatigue cycles.  
 
During the tests, crack length was monitored using Direct Current Potential Drop (DCPD) 
technique as well as the AE system. As the crack grows, the cross-section of the specimens 
becomes smaller and the cross-section resistance increases, resulting in an increase in the 
potential drop recorded by the pair of electrodes placed around the crack. The potential drop 
difference is proportional to the input current and is influenced by factors like the configuration 
of the specimens and the distance between the electrodes. The initial voltage during the 
discussed tests was set at 0.4 mV.  
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7    Results and Discussion 
 
7.1   Analysing the suitability of HSLA steel grades to replace AH and DH grades 
 
The shipbuilding industry has been using AH and DH steel grades for the construction of naval 
vessels and offshore platforms for several decades. However, recent changes in the regulations 
imposed by the classification societies require higher plate thicknesses to increase impact 
strength as well as minimise the likelihood of cracking. It is common in practically every type 
of commercial vessel for cracks to initiate and propagate at various load bearing locations with 
time.  
 
To prevent the propagation of such cracks from reaching a level of severity that poses danger 
to the safety of the ship and its overall structural integrity, shipbuilders resort in the installation 
of additional plates in the areas of concern in order to strengthen the structure at these particular 
locations and increase the overall rigidity of the ships structure. The plates installed to offer 
additional strength to the structure have very high thicknesses which can normally exceed 
30mm. Although such strengthening approaches are recognised to be reliable they tend to add 
considerable extra weight to the vessel. This leads to increases in fuel consumption and 
reduction in the overall efficiency of power to weight ratio produced by the ship’s engines. 
Furthermore, the fact that cracks tend to develop much earlier than predicted by finite element 
models employed by naval architects emphasises the requirement for better steel grades which 
offer better resistance to crack initiation as well as crack propagation to improve maintenance 
and life cycle costs of ships. 
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It is undeniable that AH and DH grades are reliable for ship building and have been proven in 
the field for several decades. However, in recent years the need for improved fuel and 
maintenance efficiency has resulted in the emphatic requirement of more innovation in the 
materials used for the construction of ships, particularly alternative steel grades with improved 
performance over traditional ship steel grades. In this study, the mechanical properties of the 
HSLA steels considered have been studied using tensile, fatigue and fracture toughness tests 
along with impact and hardness tests reported earlier. Acoustic emission has been employed to 
investigate the suitability of this particular technique for structural health monitoring purposes. 
The mechanical properties of the HSLA steels have been compared to those of AH and DH36. 
The mechanical tests on the AH and DH36 grades were carried out at AIMEN, Spain and 
provided to the author for his thesis. 
 
7.2   Tensile test results 
 
Tensile tests were carried out using the experimental procedure described earlier in chapter 6. 
The stress-strain results for the AH and DH36 conventional steels were provided by AIMEN 
for comparative purposes and can be seen in Figure 47.  For AH36 grade an average Yield 
Strength (YS) of 393.4 MPa and Ultimate Tensile Strength (UTS) of 524.4 MPa were recorded 
by AIMEN for the batch of the samples tested. The maximum strain, ε, recorded for the tested 
samples varied from 0.3-0.35. It should be noted that the minimum tensile strain tolerance for 
the hull of a ship is 0.22 according to the regulations of classification societies. However, for 
other structural components such as supporting beams, etc. lower maximum tensile strains are 
also acceptable.  
 
71 
 
For DH36 grade the YS was significantly higher, 464.8 MPa. The UTS was comparable to that 
of AH36 but slightly higher at 559.8 MPa. The DH36 grade also exhibited a higher YS to UTS 
ratio in comparison to AH36, 0.83 (DH36) in comparison to 0.75 (AH36). 
 
a)  
 
b)  
Figure 47: Stress-strain curves for both a) AH36 and b) DH36 conventional steel grades 
provided by AIMEN, Spain. 
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Stress-strain curves of all tensile tests carried out for the HSLA grades considered in this study 
are shown in Figure 48. It can be clearly seen that all HSLA steel grades exhibited a higher YS 
than the AH36 grade, however the X65 grades show similar or a reduced UTS in comparison 
to the AH36. Also in comparison to DH36 only the S690 exhibits higher YS. In the case of UTS 
both the S690 and FCA perform better than DH36 but the X65 grades exhibit lower UTS. In 
terms of maximum tensile strain the HSLA steel grades perform comparably to both the AH36 
and DH36 grades with the exception of S690. The S690 grade exhibited a maximum tensile 
strain of 0.126 which means it is not suitable for the construction of the hull as it fails to fulfill 
the requirements of the regulations provided by the classification societies. Nonetheless, it is 
applicable for the construction of other structural parts of the vessel offer in much higher YS 
and UTS in comparison to traditional grades. Also all HSLAs exhibited better YS to UTS ratio. 
Table 9 summarises the results of the tensile tests for all steel grades tested. 
a)  
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b)  
 
c)  
74 
 
d)  
 
e)  
 
0
100
200
300
400
500
600
700
800
900
0 2 4 6 8 10 12
St
re
ss
 (
M
P
a)
Strain (%)
75 
 
f)  
Figure 48: Stress-strain curves for a) X65 -1, b) X65-2, c) X65-3 d) S690-1, e) S690-2 and f) 
FCA. 
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Table 9: Summary of the tensile properties of the HSLA steel grades compared to AH36 and 
DH36 values provided by AIMEN. The value in brackets represents the data scatter from the 
tensile tests carried out for at least 3 samples for each steel grades.  
 
Steel 
Name 
Upper Yield 
(MPa) 
UTS (MPa) Yield/Tensile 
Strength 
Ratio 
Equivalent 
Elongation to 
Failure (%) 
AH36 
(AIMEN) 
393.4 (±3.4) 
524.4 
(±1.1) 
0.75 32.5 (±1.3) 
DH36 
(AIMEN) 
464.8 (±3.9) 
559.8 
(±1.9) 
0.83 30.2 (±1.5) 
X65 - 1 483.1 (± 18) 521.8 (± 3) 0.93 26.7 (± 1) 
X65 - 2 392.1 (± 12) 468.3 (± 1) 0.84 36.4 (± 5) 
X65 - 3 443.5 (± 5) 527.3 (± 6) 0.84 21.6 (± 5) 
S690 - 1 770.6 (± 3) 805.1 (± 3) 0.96 10.3 (± 2) 
S690 - 2 770 (± 2) 823 (± 2) 0.94 12.6 (± 4) 
FCA 408 (± 3) 593 (± 4) 0.69 29 (± 1) 
 
 From the results obtained from the tensile tests, it can be seen that the HSLA steel grades fulfill 
practically all the requirements specified for naval construction and thus are suitable for 
replacement of AH36 and DH36 grades. Although the differences are marginal in comparison 
to DH36 grade with the exception of the S690 grade, which is considerably stronger and has a 
much higher yield strength, the decision on whether replacement of AH36 and DH36 with 
HSLAs is beneficial should be based on a comparison of the fatigue crack initiation and 
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propagation resistance. The fatigue tests along with the AE results will be discussed next. 
7.3   Fracture toughness tests 
 
Fracture toughness tests were carried out for all HSLA steel grades. Again the values of AH36 
and DH36 grades used for comparative purposes were provided by AIMEN after tests carried 
out by them in Spain. 
 
To accurately assess the fracture toughness or critical stress intensity factor (K1c) value, the two 
following rules must be met;  
 Firstly the load at which crack growth occurs, PQ, should be within 10% of the maximum 
load 
 Secondly the effective crack length (α), thickness (B) and the difference of the width 
when subtracting the effective crack length (W-α) as shown in Figure 49 must all be less 
than 2.5(KQ/𝜎𝑦𝑠)
2, where 𝜎𝑦𝑠 is the material yield stress . 
 
As long as both aforementioned criteria are applicable then KQ has identical value with K1C. 
For the HSLA steels tested herewith these criteria could not be met and thus K1C could not be 
determined. Considering the J integral method (J = K2/E where K is the stress intensity factor 
and E the Young’s Modulus of Elasticity) based on the peak load (Jm), then all HSLA steels 
exhibit higher fracture toughness values than AH36 and DH36 grades. The only exception is 
the X65-3 grade which exhibit slightly lower fracture toughness values than the DH36 grade 
but it is still better than the AH36. The results of the fracture toughness tests are summarised 
and compared in Table 10. 
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Figure 49: Schematic of standard fracture toughness specimen. 
 
Table 10: Summary of the fracture toughness properties of the HSLA steel grades tested. The 
results for AH36 and DH36 are courtesy of AIMEN. 
 
Steel Code Fmax (N) Fq (N) Kq (MPa m1/2) Jm (kJ/m2) 
AH36 6139 (± 665.2) 3687 (± 327.1) 33.0 (± 1.2) 
243.1 (± 
27.6) 
DH36 7876 (± 703.3) 4415 (± 518.9) 36.0 (± 2.3) 
428.8 (± 
26.2) 
X65 – 1 10151 6306 56.0 911.9 
X65 – 2 8160 6394 56.8 737.9 
X65 – 3 6230 3900 34.6 349.5 
S690 – 1 10800 8380 74.4 302.6 
FCA 8200 5750 51.1 576.3 
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7.4   Fatigue crack growth testing 
 
Fatigue crack growth testing together with the fracture toughness results are very important in 
determining the crack initiation threshold and crack propagation rate for the HSLA steel grades 
considered in this study. Higher resistance to crack initiation of an HSLA steel grade signifies 
its capability of sustaining a higher cyclic load before a crack can initiate and subsequently 
propagate. Also slower crack growth rates signify the capability of the alloy to resist crack 
propagation per loading cycle. In order to enable the replacement of AH36 and DH36 with 
HSLA steel grades then the HSLA steels should ideally be more resistant to both crack initiation 
and subsequently propagation. 
 
Fatigue crack growth tests carried out using cyclic sinusoidal loading pattern revealed that the 
S690 performs better than the other steels throughout the range of ΔΚ as shown in Figure 50. 
The FCA performs comparably to S690 at a range of ΔΚ between 25-30 MPa m1/2. X65-2 grade 
performs worse at lower ΔΚ ranges but becomes comparable to S690 above 55 MPa m1/2. The 
poorest performer was the X65-1 grade but still exhibits better crack growth resistance than the 
AH36 and DH36 steel grades. The FCG results for the AH36 and DH36 have been provided by 
AIMEN for comparative purposes and are shown in Figure 51. 
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Figure 50: Fatigue crack growth rate curves for the HSLA steel grades.  
 
 
Figure 51: Fatigue crack growth rate curves for AH36 and DH36 steel grades. The results are 
courtesy of AIMEN. 
0.0E+00
2.0E-07
4.0E-07
6.0E-07
8.0E-07
1.0E-06
1.2E-06
20 30 40 50 60 70
C
ra
ck
 G
ro
w
th
 R
at
e 
(d
a/
d
N
)
ΔK (MPa m1/2)
X65 - 1
X65 - 2
X65 - 3
S690 - 1
FCA
 
da/ dN (m/ ciclo)
0
5,0·10−8
1,0·10−7
1,5·10−7
2,0·10−7
2,5·10−7
 
ΔK (MPam0,5)
10 15 20 25 30
 Probetas AH
da/dN=1,907*10 -12*ΔK3,456
 Probetas DH
da/dN=3,076*10 -13*ΔK4,051
81 
 
Paris fitting parameters have also been estimated based on the aforementioned results and are 
presented together with the stress intensity factor value at which crack initiation can occur in 
the material, ΔΚThreshold. The calculated values are summarised and compared in Table 11. 
 
Table 11: Summary of the fatigue crack growth test results showing the Paris fitting 
parameters and ΔKThreshold.  
Steel C m ΔKThreshold  (m1/2) 
AH36 2x10-12 3.46 12.5 
DH36 3x10-13 4.05 13.5 
X65 – 1 2x10-10 2.13 23 
X65 – 2 2x10-9 1.41 23 
X65 – 3 5x10-11 2.53 25 
S690-1  6x10-11 2.24 28 
FCA 2x10-11 2.65 24 
 
From the results presented it is obvious that the HSLA steel grades considered in this study 
outperform AH36 and DH36 steel grades. It is particularly important to know the much higher 
resistance of the HSLA grades to crack initiation meaning thinner plates can be used instead 
leading to substantial weight reductions and thus lower fuel consumption. 
 
7.5   Acoustic emission testing 
 
During fatigue crack growth tests acoustic emission sensors were fitted on the samples in order 
to assess the applicability of the technique in detecting damage initiation and evolution in HSLA 
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steel grades. As discussed in the experimental methodology chapter, a commercial AE system 
procured from PAC with two wideband AE sensors coupled on the sample using paraffin was 
used during testing. The sensors were held in place with duct tape. 
 
Load and strain were acquired together with the AE activity that occurred during testing of 
tensile test samples from the HSLA samples. In tensile testing the plots shown in Figure 52, 
indicate that cumulative counts increase at a relatively high rate before the specimens reach the 
yield stress. When plastic deformation begins, the rate at which the cumulative counts 
accumulate becomes smaller. When the final fracture of specimen is imminent, cumulative 
counts start to increase sharply until the specimens finally fail. The AE activity recorded during 
the elastic deformation is attributed to the movement of dislocations within the crystal lattice 
of the steel. All HSLA steel grades generated similar AE responses. For the S690-1, although 
the majority of AE activity was recorded during the elastic deformation and yielding of the 
sample, the pattern of the AE response was similar to the other HSLAs. However, since the 
S690-1 is much harder as a material, it was expected that during the elastic deformation of this 
steel grade a much higher activity during this stage of deformation could be observed.  
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Cumulative AE hits compared with stress-strain curves for X65-1  
 
 
Cumulative AE hits compared with stress-strain curves for X65-2  
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Cumulative AE hits compared with stress-strain curves for X65-3  
 
 
Cumulative AE hits compared with stress-strain curves for S690-1  
Figure 52: Cumulative AE hits compared with stress-strain curves for HSLA steel grades. AE 
tests were not carried on the FCA during tensile testing. 
 
Figure 53 shows the plots of normalised cumulative counts versus the normalised fatigue 
lifetime for the different HSLA steel grades tested during cycling three point bending loading. 
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It can be seen that the crack propagation can be successfully detected using AE for all HSLA 
steel grades tested. However, it is also noted that the AE activity is not identical in all cases and 
depends on the crack growth behaviour. For X65-1 significant AE activity is seen at the 
beginning of the test which is related to an initial instability in crack growth. As the crack 
growth rate increases more steadily, later on the AE activity largely grows linearly. However, 
as the failure point is approached, the AE activity increases dramatically signifying the 
imminent failure of the sample. This is observed for all HSLA steel grades with the exception 
of FCA and X65-2. FCA also shows some step changes in the AE activity at which no crack 
growth occurs confirming the ability of this steel grade to temporarily at least arrest cracks. 
X65-2 is the most ductile of the HSLAs tested and the least hard, thus AE activity does not 
increase as a burst before the steel fails. It appears final failure leads to very little AE activity 
probably due to the way the crack finally propagates through the steel sample until it finally 
fails. 
 
 
Normalised cumulative counts versus normalized fatigue life cycle of X65-1 
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Normalised cumulative counts versus normalized fatigue life cycle for X65-2 
 
 
Normalised cumulative counts versus normalized fatigue life cycle for X65-3 
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Normalised cumulative counts versus normalized fatigue life cycle for S690 
 
 
Normalised cumulative counts versus normalized fatigue life cycle for FCA  
Figure 53: Normalised cumulative AE counts versus normalised fatigue life cycle for all HSLA 
steels tested. 
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In order to assess the behaviour of the AE response with crack growth, cumulative AE energy 
with increasing crack length has been plotted for the HSLA steels tested. It is obvious that AE 
cumulative energy is a useful parameter for analysising crack growth in HSLA steels although 
the characteristics vary from case to case. The results for each HSLA steel grade considered are 
shown in the plots of Figure 54. 
 
 
Cumulative energy and crack length with time for a X65-1 specimen 
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Cumulative energy and crack length with time for X65-2  
 
 
Cumulative energy and crack length with time for X65-3  
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Cumulative energy and crack length with time for S690-1  
 
 
Cumulative energy and crack length with time for FCA  
Figure 54: Plots of cumulative AE energy versus crack growth over time for all HSLA steels 
grades tested. 
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Another useful tool considered for the assessment of the crack growth rate is based on the 
calculation of the rate of the AE energy detected during cyclic loading. It has been found that 
the AE energy rate can be used to evaluate the crack growth rate as shown in the plots presented 
in Figure 55. 
 
 
Comparison of crack growth rate and energy rate for X65-1  
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Comparison of crack growth rate and energy rate for X65-2 
 
 
Comparison of crack growth rate and energy rate for X65-3  
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Comparison of crack growth rate and energy rate for S690-1  
 
 Comparison of crack growth rate and energy rate for FCA  
Figure 55: AE energy release rate versus crack growth rate for all HSLA steels grades tested. 
 
From the results presented herewith it is clear that the AE technique can be employed to detect 
0
1
2
3
4
5
6
0.00E+00
1.00E-06
2.00E-06
3.00E-06
4.00E-06
5.00E-06
6.00E-06
14000 34000 54000
En
er
gy
 r
at
e(
(1
0µ
vo
lt
-s
e
c/
co
u
n
t)
/s
e
c)
C
ra
ck
 g
ro
w
th
 r
at
e(
m
/c
yc
le
) 
Time(sec)
crack growth rate
versus time
energy rate versus
time
0
2
4
6
8
10
12
14
16
1.00E-07
2.10E-06
4.10E-06
6.10E-06
8.10E-06
1.01E-05
18000 38000 58000 78000
En
er
gy
 r
at
e(
(1
0µ
vo
lt
-s
e
c/
co
u
n
t)
/s
e
c)
C
ra
ck
 g
ro
w
th
 r
at
e(
m
/c
yc
le
)
Time(sec)
Crack growth rate
versus time
energy rate versus
time
94 
 
and monitor crack growth in HSLA steel grades. Moreover, using AE energy rate it is possible 
to assess the crack growth rate. AE is also capable of detecting instability in crack growth. 
Furthermore cumulative energy can be used to reveal whether the sample is nearing failure 
point or not. Thus it is safe to conclude that AE could potentially be used and standardised as a 
structural health monitoring technique for in-service vessels. 
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8    Conclusions and future work 
AH36 and DH36 are conventional naval steel grades that have been used in the construction of 
ships for several decades. However, recent changes in regulations imposed by classification 
societies have specified the requirement of higher thickness plates resulting in heavier vessels 
and thus increased fuel consumption, lower efficiency and larger engines with higher 
horsepower. Such engines are more expensive to procure, more costly to run and maintain 
resulting in higher Capital Expenditure (CAPEXA) and Operational Expenditure (OPEX) for 
ship operators. 
 
Thus, the maritime industry has been seriously considering the use of alternative steel grades 
with suitable mechanical properties that offer superior strength and have higher resistance to 
both crack initiation and propagation. HSLAs have been for a long time considered as a 
potential alternative to conventional maritime steel grades since they have been used 
extensively in the offshore oil and gas industry.  
 
In this study we have considered five different HSLA steel grades, including three X65 variants, 
two different S690 batches and FCA grades. A wide range of mechanical tests including 
metallography, hardness testing, Charpy, tensile testing, fracture toughness and fatigue crack 
growth have been carried out. The results of these tests have been compared to those provided 
by AIMEN for AH36 and DH36. It has been revealed that HSLA steel grades exhibit superior 
crack initiation and propagation resistance than conventional steel grades. Moreover, they 
exhibit better or comparable tensile properties and thus they qualify for ship building 
applications albeit not universal in the case of S690 due to the lower maximum strain tolerance 
of this particular steel grade. Their energy absorption capability during impact is also acceptable 
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by classification societies as stipulated in the relevant regulations for conventional naval steel 
grades. 
 
Acoustic Emission has also been considered in this study in order to evaluate the capability of 
this technique in detecting and monitoring crack growth in HSLA steels. It has been found that 
indeed AE can be used to detect crack growth. It can also potentially be used to assess the rate 
at which a crack grows using AE energy release rate. 
 
Although the mechanical properties exhibited by HSLA steel grades considered in this study 
are superior to those of conventional naval steel grades it is very important to assess the 
corrosion resistance of these grades before they can be considered for use in the shipbuilding 
industry. Suitable coupons should be used for immersion tests in salt water in order to assess 
corrosion rates and ensure that these fall within acceptable limits and at least comparable to 
those of conventional steel grades. This work could be carried out as a continuation of the 
findings arising from this study. Thus corrosion rate results could supplement greatly the results 
of mechanical tests and AE reported herewith.  
 
Overall it is considered that this study will be useful to the ship building industry and operator 
as a reference in the short to medium term future.  
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